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Beyond catalysis and membranes: visualizing
and solving the challenge of electrode water
accumulation and flooding in AEMFCs†
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A majority of anion exchange membrane fuel cells (AEMFCs)
reported in the literature have been unable to achieve high current
or power. A recently proposed theory is that the achievable current
is largely limited by poorly balanced water during cell operation. In
this work, we present convincing experimental results – coupling
operando electrochemical measurements and neutron imaging –
supporting this theory and allowing the amount and distribution
of water, and its impact on AEMFC performance, to be quantified
for the first time. We also create new electrode compositions by
systematically manipulating the ionomer and carbon content in
the anode catalyst layer, which allowed us to alleviate the mass
transport behavior limitations of H2/O2 AEMFCs and achieve a new
record-setting peak power density of 1.9 W cm2 – a step-change
to existing literature. Our efforts cast a new light on the design and
optimization of AEMFCs – potentially changing the way that
AEMFCs are constructed and operated.
Over the past decade, interest in anion exchange membrane
fuel cells (AEMFCs) has grown significantly, with the number of
papers in the field increasing rapidly during this time (24 papers
in 2006 vs. 312 in 2016, Fig. S1, ESI†).1 The primary motivating
factor for this attention is cost, as it is widely accepted that
alkaline pH conditions have the potential to drive down
materials-level, stack-level and systems-level costs below their
proton exchange membrane fuel cell (PEMFC) counterparts,
which is important for adoption into commercial markets. For
example, it may be possible to either eliminate or significantly
reduce the amount of platinum group metals (PGM) in the
catalyst layers, as well as create drastically lower cost bipolar
plates. Additionally, moving to AEMFCs allows for the use of
lower cost anion-exchange membranes (AEMs) and oﬀers the
potential to decrease other balance of plant costs related to
humidification and air circulation systems.2–7
The recent, intense eﬀort around AEMFCs has led to the
development of several highly conducting, stable AEMs and
anion exchange ionomers (AEIs),8–21 high activity catalysts – still
predominantly PGM-containing at the cathode and anode,5,6,8,22–27
although there has been recent progress on PGM free
catalysts3–6,28–33 – as well as a significant increase in state-of-
the-art performance.19–22,34 At least some of this success can be
attributed to the willingness of researchers to rapidly and
transparently share their accomplishments in this area over
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Broader context
Electrochemical energy conversion devices have the potential to provide
clean, sustainable energy for grid and transportation applications in the
21st century and beyond. The incumbent technology, proton exchange
membrane fuel cells (PEMFCs), have inherently high materials and
systems-level costs, which has led to the emergence of anion exchange
membrane fuel cells (AEMFCs) with the potential to lower these costs
significantly. Unfortunately, AEMFCs have mostly been limited to low
achievable current – not because of catalysis or ionic conduction, but
because of poorly understood and poorly controlled electrode composi-
tion and structure – which directly impacts the transport behavior of cell
water and performance. This study uses direct visualization and quanti-
fication of water in operating AEMFCs to show how systematic electrode
design can enable precise control of the quantity and location of water,
which allowed us to achieve record-setting 1.9 W cm2 AEMFC
performance, comparable to state-of-the-art PEMFCs, making this an
important and timely contribution to the field. In addition to the
demonstrated AEMFC technology, the lessons learned in this work can
also provide transformational insights to other AEM-based
electrochemical devices for energy (electrolyzers, flow batteries, CO2
capture, and electrosynthesis), water purification (electrodialysis) and
healthcare (dialyzers).
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the past few years, which has seen several international
workshops dedicated to AEMFCs, with events in Guildford
(UK),35 Santa Fe (USA),36 Wuhan (China),37 Bad Zwischenahn
(Germany),38 and Phoenix (USA),2 to name a few. These meet-
ings have resulted in many cross-cutting collaborations,4,5,8
including this one. In fact, over the past two years, state-of-
the-art AEMFC peak power has doubled from B0.7 W cm2 to
B1.4 W cm2 because of the application of PtRu catalysts in
the anode,22 emergence of highly conducting radiation-
modified ethylene tetrafluoroethylene (ETFE) and low density
polyethylene (LDPE) AEMs,19,20 AEI powders,39 and optimizing
the reacting gas dew points.19–22,34 – these advances are
discussed extensively and demonstrated in Fig. S2 and Table S1,
in the ESI.†
However, one area in AEMFC research where there exists
a significant knowledge gap, due to a lack of fundamental
investigation and modeling eﬀorts, is the influence of electrode
composition and structure, and operating conditions, on the
transport properties of reactants, products, ions and water,
which ultimately dictate performance. Among these, water is
particularly important in AEMFCs because of its severe intrinsic
imbalance.34,40–43 In a PEMFC, water is only generated at the
cathode at a rate of 2 water molecules for every 4 electrons
transferred. In an AEMFC, there are 4 water molecules generated at
the anode in addition to 2 water molecules consumed at the
cathode for every 4 electrons transferred (Fig. 1A). This creates a
water differential between the cathode and anode that is three
times larger in AEMFCs than in PEMFCs (6 vs. 2). Additionally, the
ability to influence this water balance through manipulation of
anode and cathode flow rates and pre-humidification levels is
greatly altered. Therefore, AEMFCs represent an entirely new
learning curve with respect to the treatment of water that has not
been adequately investigated to date. Properly addressing the water
imbalance through new operational strategies and cell architec-
tures is critical for AEMFCs to achieve performances comparable to
those of PEMFCs and enable them to compete in the marketplace.
It was recently proposed6,34 that the achievable current
density in AEMFCs is limited in most published experimental
studies by poorly balanced water during cell operation. Indirect
evidence has been presented showing that simultaneously
decreasing the anode and cathode gas dew points reduced
flooding events and increased AEMFC current and power. In
this work, we couple operando electrochemical measurements
and neutron imaging to directly show the behavior of water
before, during and after AEMFC flooding events, which allow us
to answer open questions about the hydration of the
membrane, catalyst layers and gas diﬀusion layers as well as
the nature of the reacting water at the cathode – none of which
have been reported previously. It was also clear from the
neutron imaging, which will be discussed thoroughly later, that
controlling the anode and cathode dew points are not sufficient
to weed out catastrophic flooding entirely and optimize perfor-
mance. To do this, the electrode composition must also be
considered since the amounts and ratios of carbon, AEI and
catalyst in the catalyst layer, and their distribution within the
electrode structure, will play a significant role in determining
cell power. Through systematic design of the catalyst layer,
coupled with balancing cell water, we show a pathway to
increase the achievable current in an operating AEMFC by
25% (to nearly 5 A cm2 at full cell discharge) and the achiev-
able power density by 35% (to 1.9 W cm2) compared to the
existing state-of-the-art (recent high performing AEMFCs are
summarized in Table S2, ESI†).34
To achieve the existing state-of-the-art current and power,
one of the most important changes was the replacement of the
Pt catalyst in the anode catalyst layer with PtRu, which pre-
viously allowed the peak power to increase from 1.05 W cm2 to
1.4 W cm2 (at optimized anode and cathode dew points) through
improved hydrogen oxidation reaction (HOR) kinetics, Fig. S2
(ESI†). However, when researchers added Ru to the catalyst, it
was done by: (i) keeping Pt loading on the electrodes the same; and
(ii) maintaining the total percentage of AEI in the catalyst layer.
Fig. 1 (A) Schematic of AEMFC water consumption, generation, migration, and diﬀusion; (B) i–V and (C) i–power curves (10 mV s1 forward scans) of
AEMFCs with an ETFE-based AEM and AEI, both containing a benzyl trimethyl ammonium (BTMA) headgroup (ETFE–BTMA). The cathode for each of
these were the same within experimental reproducibility, but 5 different anodes were produced (Table 1): SC – standard carbon, which is a result of how
PtRu was added to the anode as a replacement for Pt; IC – increased carbon, which was done to match the AEI : C : catalyst layer while keeping the Pt : C
ratio the same ratio as the best-performing Pt/C anodes; r-IC – reduced thickness (60% loading) anode with the same AEI : C : Pt ratio as the IC anode;
r-DC – reduced thickness anode with the same catalyst loading as IC, but twice the carbon and ionomer; and BC – anode with a balanced AEI : C : Pt
ratio. The cell temperature was fixed at 60 1C with flow rates of 1.0 L min1 for H2 and O2 at the anode and cathode, respectively. Optimized anode/
cathode dew points were applied for each test: BC (45 1C/46 1C), IC (47 1C/49 1C), SC (54 1C/57 1C), r-IC (53 1C/53 1C), r-DC (51 1C/52 1C).
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The eﬀect of adding Ru in this manner is that the relative amount of
carbon is appreciably reduced, resulting in a thinner and less porous
catalyst layer; we denote that case as SC (standard carbon) in Fig. 1
and Table 1. The thinner, less porous catalyst layer results in an
anode electrode with reduced water capacity/tolerance (meaning the
amount of water that can be held without flooding issues arising).
The reduction in anode water capacity can limit the ability of
AEMFCs to achieve, and more importantly maintain, higher current
and power densities.
Therefore, the first approach to increasing the achievable current
in these PtRu anode AEMFCs was to increase the pore volume and
water capacity of the anode by increasing the amount of carbon
in the anode. This case is denoted in Fig. 1 and Table 1 as IC
(increased carbon) and was selected to achieve the same AEI :C :Pt
ratio as previously reported high performing Pt/C anodes.34 The
result, shown in Fig. 1B and C, was an increase in cell power density
to 1.7 W cm2, compared to SC, 1.4 W cm2, although the limiting
current of IC was slightly less than SC. The limiting current behavior
of the IC polarization curve showed an inflection point, Fig. 1B,
which suggests that cell water management was still a concern
at high current density, which can be alleviated through further
electrode design and control of the AEI : C : Pt balance.
In order to better understand fuel cell operando water
dynamics, neutron imaging experiments were done at the
NIST Center for Neutron Research44 (experimental details are
provided in the ESI†), with results in Fig. 2. Cells designed for use
in the neutron beam (1.2 cm2 active area)45 were constructed with a
IC anode, Pt/C cathode (Table 1), and a radiation-grafted ETFE-
based AEI powder and AEM (hydrated thickness = 50 mm).19,39
Firstly, cell voltage was maximized at 1.5 A cm2 by finding
the optimal anode and cathode operating dew points 50 1C
(62% relative humidity, RH) at both electrodes while ensuring
stable operation (each individual cell was able to operate
continuously and stably for more than 12 h). External water
was then slowly added to the cell by increasing the dew points
of both the anode and cathode by 1 1C (optimal +1 1C) and 2 1C
(optimal +2 1C). The steady-state distribution of water at
each condition with the ETFE–BTMA AEMs and ETFE–BTMA
AEI-containing catalyst layers are shown as in-plane neutron
radiographic images (Fig. 2A) and quantitative through-plane
water distribution plots (Fig. 2B).
As the relative humidity of the gas feeds is increased, the
anode experiences an increase in the amount of liquid water,
with a large amount accumulating in both the anode catalyst
Table 1 Catalyst, carbon, and ionomer loadings and ratios of all tested conditions
Anode type SC IC r-IC r-DC BC
PtRu loading, mg cm2 0.67 0.71 0.42 0.42 0.71
Carbon loading, mg cm2 0.45 0.71 0.42 0.84 1.07
Carbon weight% 32.0% 41.4% 41.4% 52.2% 48.0%a
AEI weight% 20.0% 17.2% 17.2% 21.7% 20.0%a
AEI : C ratio 0.625 0.417a 0.417a 0.417a 0.417a
AEI : C : Pt ratio 0.625 : 1.0 : 1 0.625 : 1.5 : 1 0.625 : 1.5 : 1 1.25 : 3.0 : 1 0.94 : 2.5 : 1
a Optimized value.
Fig. 2 (A) Operando in-plane neutron radiographic images of water in the gas diﬀusion layers, catalyst layers, and the radiation-grafted ETFE–BTMA
AEM in an AEMFC operating at 1.5 A cm2, 60 1C, 1.0 L min1 H2 and O2, after equilibration at the following symmetric dew points: optimized (anode/
cathode: 50 1C/50 1C), optimized +1 1C, the first 30 min at optimized +2 1C, and the performance ‘‘crashed condition’’ seen after 30 min at optimized
+2 1C; (B) qualitative through-plane water distribution plots extracted from the data in A; (C) operando in-plane neutron radiographic images of a
PFAEM-based AEMFC after equilibration at the following symmetric dew points: optimized (anode/cathode: 54 1C/51 1C), optimized +1 1C, optimized
+2 1C, and a recovered cell at optimized dew points and 1.0 A cm2 current density.
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layer and gas diﬀusion layer (GDL), while the cathode catalyst
layer and GDL show almost no RH dependence. At optimal
+1 1C, liquid water accumulating in the anode catalyst layer and
GDL was coupled with a 75 mV reduction in the cell voltage
(Fig. S3, ESI†). As the dew points were increased to optimal
+2 1C, liquid water accumulation further increased, and the cell
voltage decreased an additional 50 mV (Fig. S3, ESI†). After
30 min at the optimal +2 1C condition, water further accumu-
lated in the anode GDL, the severity of which was observed in
the water distribution plot (Fig. 2B, pixels 0–10) and in the
in the neutron image (right hand neutron image in Fig. 2A).
This resulted in the cell losing its ability to support the
1.5 A cm2 current density as the cell voltage fell to 0 V and
the test stand could no longer operate galvanostatically at the
set-point current (Fig. S3, ESI†). The cell performance observed,
both steady-state and dynamic, gives insight into water manage-
ment issues during AEMFC operation, notably: (i) the amount of
water in the anode GDL increased significantly with inlet RH,
eventually depriving the anode catalyst layer of sufficient reac-
tant H2 gas, highlighting the importance of anode water manage-
ment; (ii) the total amount of water in the AEM was decreased
after the flooding event, and a much lower water content was
observed near the cathode interface than the anode interface as
would be expected; and (iii) water in the cathode catalyst layer
and the cathode GDL was independent of RH, even after 30 min
at the optimal +2 1C condition where lower currents were
observed.
The observed performance and water distribution profiles
strongly suggest that back diﬀusion of water from the anode to
the cathode is primarily responsible for keeping the AEM
hydrated during cell operation, and is the critical source of
water for the cathode reaction. Further, the back diﬀusion of
water is primarily driven by the water production reaction
within the anode, as when the cell stops producing water at
the anode as the current drops (as in the case of optimal +2 1C
@ 30 min), the water in the cathode catalyst layer and GDL
remain largely unchanged even compared to the less humidified,
optimal condition. These are new observations that have not
been reported previously, though they are supported by the fact
that low relative humidities at the cathode are needed to achieve
the recent record AEM performance20,34 since rapid liquid water
transport coupled with high cathode gas dew points can lead to
cathode flooding as well.34 These observations also explain why
high ionic conductivity and water transport rates are critical
requirements in AEMFCs – water back diffusion is directly
related to hydration and AEM ionic conductivity.46 Low ionic
conductivity in the AEM would not only yield high ohmic
resistances (as expected), but would also lead to cathode dry-
out due to the reduced level of water back diffusion; both of
these effects not only limit the achievable current density, but
also risk poor AEI stability and rapid chemical degradation of
the AEMFC components.6,42,47,48
Identical neutron imaging experiments were performed
with the same electrode design used in the radiation-grafted
ETFE–BTMA AEM experiments, but replacing the membrane
with a perfluorinated AEM (PFAEM, hydrated thickness = 45 mm).21
These two membranes have very different chemical and physical
properties despite their similar ionic conductivities (ETFE–BTMA:
132 mS cm1, PFAEM: 122 mS cm1 at 80 1C, 95% relative
humidity)12,21 and functional headgroup. The PFAEM membrane
has a lower ion-exchange capacity (IEC) than the radiation-grafted
ETFE–BTMAmembrane (0.91 meq g1 vs. 2.01 meq g1) and lower
water uptake (13 wt% vs. 53 wt%).19,21 The AEMFCs constructed
with the PFAEM required slightly higher optimal dew points in
the gas feed streams (anode: 54 1C = 75%RH; cathode: 51 1C =
65%RH), possibly due to its lower water content, which can
clearly be seen in Fig. 2C when compared to Fig. 2A. Despite the
differences between these AEMs, very similar water content
trends were observed in the AEMFCs, which indicates that the
lessons learned regarding the AEM hydration and the availability
of reactant water in the cathode are more generally applicable to
AEMFCs, and not just a membrane-specific observation. One
additional insight gained from the PFAEM AEMFC experiments
was that following optimal +2 1C anode flooding, excess water
could be relieved at the cathode by lowering the current density
from 1.5 A cm2 to 1.0 A cm2 (Fig. S4, ESI†), demonstrating that
water accumulation is dynamically controllable and reversible
through a combination of the operating parameters. From the
results above, it is clear that AEMFC performance is a balance
between maintaining adequate AEM hydration and avoiding
electrode flooding, and that AEMFCs are much more sensitive
to water management than PEMFCs.
Returning to the fuel cell performances reported in Fig. 1,
the slight inflection in the polarization curve of IC and the
close position of the peak power current relative to the mass
transport limiting current suggests that anode flooding was a
concern. To investigate this, AEMFCs were assembled with
an identical AEI : C : Pt weight ratio to IC (0.625 : 1.5 : 1), but
with only 60% of the total anode catalyst layer loading, and
hence a reduced catalyst layer thickness (denoted as r-IC).
The undesirable eﬀect of reducing the catalyst layer thickness
was that the transition to mass transport control occurred
at a much lower current density. This can be observed both by
directly comparing the IC and r-IC polarization curves
(Fig. 1 and Table 2) as well as taking a deeper look into intrinsic
behavior by deconvoluting the polarization curves into
their mass transport (Fig. 3A), ohmic (Fig. 3B) and kinetic
(Fig. 3C and D) constituents, using a method first published
by Gasteiger et al.49
Table 2 Electrochemical diagnostics and descriptions of the IC anode
and the reduced loading anodes (r-IC and r-DC), including ECSA, currents
at low overpotentials, peak power, and electrochemical impedance
spectroscopy-(EIS)-derived data (details in the ESI)
Anode type IC r-IC r-DC
ECSA m2 g1 51.5 46.5 48.3
Anode loading – PtRu mA cm2 0.72 0.42 0.42
Cathode loading – Pt mA cm2 0.54 0.54 0.53
Current@0.90 V mA cm2 51.9 49.9 48.1
Current@0.85 V mA cm2 222 154 157
Current@0.80 V mA cm2 612 321 347
Max power density mW cm2 1690 783 904
OH transfer resistance mO cm2 49.4 54.7 47.0
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As an additional diagnostic, the electrochemically active
surface area (ECSA) was measured using the CO stripping
technique. A representative in situ CO stripping voltammogram
for a IC anode (ETFE–BTMA AEM) is shown in Fig. 3E, and the
quantitative results for the ECSAs of both IC and r-IC are given
in Table 2. The measured ECSAs (normalized by mass) of the
two electrodes are very similar, showing that catalyst utilization
is essentially identical. At first glance, the kinetic portion of the
deconvoluted polarization data in Fig. 3C seem to show kinetic
effects that influence performance. However, normalizing the
kinetic overpotential by the catalyst mass (Fig. 3D) leads to a
near-perfect overlay of the IC and r-IC curves, showing that
these differences are largely explained by loading and that the
kinetic behavior of the catalysts in these AEMFCs are essentially
identical. This is also supported by comparing the current
density at 0.9 V, an overpotential predominantly under kinetic
control, where the magnitude of the kinetic current for the two
cases are separated by a mere 2 mA cm2. The combination
of the polarization and neutron imaging data shows that
accumulation of anode water limits the performance of state-
of-the-art AEMFCs, and that lower water capacity electrodes
tended to have lower limiting currents.
Therefore, we sought to increase the water capacity of the
anode while maintaining cell hydration through further manip-
ulation of the AEI : C : Pt ratio in the anode catalyst layer.
Electrodes were fabricated with the same catalyst loading as
r-IC while doubling the loadings of both the carbon and the
AEI (denoted as r-DC for double carbon). The result was that
compared to r-IC, r-DC anodes saw an increase in the achiev-
able current density of 35% (from 1.94 A cm2 to 2.64 A cm2)
and peak power of 15% (783 mW cm2 to 904 mW cm2).
Interestingly, from Fig. 3A up to a current density of ca. 1.2 A cm2,
the mass transport overpotential for r-DC and r-IC overlay; a
separation was only observed at higher current densities. Since
the ECSA (catalyst utilization) for these two anodes are essentially
identical, this separation is best explained by the pore volume
inside the catalyst layer. Thus, (i) the C :Pt mass ratio is important
because it sets a certain ‘‘thickness’’ for the removal/retention of
water; and (ii) the AEI :C ratio is important as it eﬀects the ionic
conductivity (Table 2) and mobility of reactant water in the catalyst
layer. In the case of high current operation, the excess water must
be removed (to the cathode through the AEM as well as through
the GDL into the anode exhaust), but under low current operation
the water must be retained to avoid AEM dryout. Therefore,
thinning of the catalyst layer is not advised, although this can
create additional challenges when targeting low loaded electrodes.
These findings, widely applicable to the AEMFC community, will
immediately help researchers and companies in the field to design
improved cells and systems.
However, it is certainly possible to add too much additional
volume to the anode catalyst layer. One such case study is
shown in Fig. S5 in the ESI,† that shows that kinetic losses due
to the wide distribution of catalyst away from the AEM can
become larger than the mass transport gains realized with the
added porosity. Therefore, an optimal C-content exists yielding
high catalyst activity but with maximized ionic transport and
Fig. 3 Panels A–C show the overpotentials of ETFE–BTMA containing AEMFCs using near identical cathodes and different anodes (details given in
Table 1), deconvoluted from the data in Fig. 1 into their: (A) mass transfer (MT), (B) ohmic, and (C) kinetic contributions; panel D shows plots of kinetic
overpotential vs. mass corrected current density (Pt anode); panel E presents a representative CO stripping cyclic voltammogram used to determine the
anode catalyst layer ECSA. First scan shown in red (with CO adsorbed); second scan (with CO removed) shown in blue.
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gas phase accessibility. To find this optimum, the amounts of
carbon and AEI in the catalyst layer were reduced slightly
relative to r-DC while maintaining the AEI : C ratio and the
catalyst loading was returned to the same levels as SC and IC.
This case (denoted as BC for balanced ionomer and carbon),
had an optimized AEI : C : Pt ratio close to 1.0 : 2.5 : 1.0 (actual
measured value was 0.94 : 2.5 : 1.0) and was thicker (compared
to the SC, IC, r-IC, and r-DC) to facilitate increased water
capacity/tolerance. These optimizations resulted in new AEMFC
records for achievable mass transport limiting current (5 A cm2),
current density at peak power (4 A cm2), and peak power density
(1.9 W cm2), which are shown in Fig. 1. Importantly, this high-
performance BC anode design is significantly less sensitive to
changes in the gas feed dew points than the earlier configura-
tions. Now, a 2 1C bilateral increase only results in a minimal
50 mW cm2 reduction in peak power (Fig. 4) – not catastrophic
flooding – and a 5 1C increase in the anode dew point only
sacrifices 75 mW cm2. This is a significant and important
improvement for the water tolerance and steady operation of
AEMFCs. As a result, AEMFCs fabricated with a balanced AEI :
C : Pt ratio at the anode were able to operate for4400 h (Fig. 4C).
During this time, the cell retained 60% of its operating voltage
(with only minor voltage decay over the last 300 h), with a recovery
of performance after a simulated 8 hour cold shutdown where the
reacting gases were removed and the cell was allowed to cool to
room temperature.
These gains were exclusively made by understanding and
improving the water mass transport characteristics of the
operating AEMFC. The findings reported above have led to an
AEMFC anode design that is so eﬃcient, from a water manage-
ment perspective, that mass transport is no longer the domina-
ting loss in the cell; it is the ohmic resistance that is now
limiting the cell performance (Fig. 3A and B). Therefore, with
the very high ionic conductivity of the AEM and high activity
of the catalysts, the results with the BC anode are likely
approaching the maximum that is possible with AEMFCs
(without the development of much thinner, robust AEMs
that exhibit enhanced water back diﬀusion characteristics).
The results of this also work show that AEMFCs can be
performance-competitive with PEMFCs and have a promising
future; expedited research is required working towards increased
performance stability, application of non-PGM catalysts, lower-
cost supporting components, and stack design and scaleup.
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Experimental 
Ethylene Tetrafluoroethylene (ETFE-BTMA) Membrane Synthesis 
The ETFE-BTMA membrane was prepared from pre-formed ETFE films (25 μm thickness, 
Nowofol Kunststoffprodukte GmbH (Germany)) using the peroxidation (pre-irradiation in air) 
method previously reported.1 The ETFE films were subjected to electron-beam irradiation in air 
to 30 kGy total absorbed dose (using a 4.5 MeV Dynamatron Continuous Electron Beam Unit at 
Synergy Health, South Marston, UK). As the irradiation step is performed in air, immediate 
reaction of the radicals that are formed with O2 molecules leads to the creation of peroxide and 
hydroperoxide groups on the polymers. The peroxidated ETFE films then act as a solid-state free-
radical initiator for the subsequent graft polymerization step. After irradiation, the films were 
transported back to the laboratory in dry ice before they were stored in a freezer at −40°C (the 
peroxide groups are stable for around 6 months at this temperature2). 
For the grafting step, the electron-beamed films (ca. 15 cm × 15 cm) were immersed in an 
aqueous dispersion of VBC (vinylbenzyl chloride, 5%vol. mixture of 3- and 4-isomers; 500 – 100 
ppm tert-4-butylcatechol and 700 – 1100 ppm nitromethane inhibitors, Sigma-Aldrich and used 
without the removal of inhibitors) in sealed vessels along with addition of dispersant (1%vol. 1-
octyl-2-pyrrolidone, Sigma-Aldrich). The solutions were purged with N2 for 2 h before the vessel 
was sealed and heated at 70°C. After the reaction period, the films were removed from the grafting 
mixture and washed in toluene (reagent grade, Fisher Scientific); this process is employed to 
remove excess unreacted VBC and any poly(VBC) homopolymer (not bound to the ETFE base 
material) that may be present. The resulting intermediate ETFE-g-poly(VBC) films were 
subsequently dried at 70°C for 5 h in a vacuum oven to remove all traces of solvent.  
To quaternize, the intermediate films were then submerged in the aqueous TMA solution 
(aqueous trimethylamine solution, 45 wt%, Sigma-Aldrich) at ambient temperature for 24 h, then 
washed in DI water (ultra-pure deionized water with a resistivity of 18.2 MΩ cm), and finally 
heated in fresh DI water; this procedure was adopted to remove any excess TMA from the resulting 
quaternized ETFE-g-poly(vinylbenzyltrimethylammonium) anion exchange membranes (AEMs). 
Final conversion to the chloride-anion-form ETFE-BTMA AEMs was conducted as follows: the 
as-synthesized AEMs were submerged in aqueous NaCl (1 M) for 15 h with one change of NaCl 
solution during this period to ensure complete ion-exchange. The resulting AEMs were then 
soaked in water to remove any excess NaCl-derived co- and counter-ions. The final desired 
radiation-grafted AEM(Cl-) films were stored in water until required and were not allowed to dry 
out at any point before subsequent measurements/experiments were conducted. 
Electronic Supplementary Material (ESI) for Energy & Environmental Science.
This journal is © The Royal Society of Chemistry 2018
Perfluorinated Anion-exchange Membrane (PFAEM) synthesis 
 Synthesis of the perfluorinated anion exchange membrane (PFAEM Gen 2) has been 
previously described in detail3 and is summarized herein. A perfluorosulfonic acid precursor in the 
sulfonamide form was acquired from 3M with equivalent weight (in sulfonic acid form) of 825 
g/mol. A linking molecule, iodohexyltrimethyl ammonium iodide, was synthesized by adding an 
excess of trimethylamine to 1,6-dibromohexane in tetrahydrofuran at 0°C and stirring overnight at 
23°C. The precipitated product was filtered, washed repeatedly with hexane, and dried under 
vacuum. This intermediate bromide salt was then converted into iodide form by ion exchange with 
an excess of potassium iodide in acetonitrile under reflux for 12 h. The resulting iodide salts were 
precipitated with chloroform, filtered, and dried under vacuum.  
PFAEM Gen 2 was prepared by adding an excess (~1.3x) of the iodohexyltrimethyl ammonium 
iodide linker to a 0.05 M solution of sulfonamide precursor polymer in dimethylformamide and an 
excess of potassium carbonate. The reaction mixture was stirred at 120°C for 48 h. 4 equivalents 
of iodomethane were then added to the intermediate (zwitterionic) polymer at room temperature. 
The reaction mixture was then stirred for 12 h at 100°C in a pressurized glass flask. The reaction 
mixture (after cooling to 23°C) was poured into a 5-fold volume excess of 70% methanol solution. 
Following 5 h of continuous stirring at 23°C, the precipitated ionomer was filtered, washed 3 times 
with 70% methanol solution, and dried at 50°C under vacuum.  
Membranes (iodide counterion form) were prepared by dissolving PFAEM at 120°C for 2 h in 
a 5% w/w solution in dimethylacetamide, then hand spreading over a 6” x 6” square of fiberglass-
reinforced Teflon and evaporating overnight at 60°C. Resultant membranes were annealed in a hot 
press at 160°C and 800 psi for 10 minutes, then converted to the hydroxide ion form by immersion 
in 1 M NaOH for 1 hour at 23°C (exchanged 2x). 
 
Anion-exchange ionomer (AEI) powder synthesis 
The synthesis of the AEI powder was reported previously4 and is summarized here. ETFE 
powder (Z8820X, AGC Chemicals Europe) with a particle size of 20 – 30 μm was peroxidated in 
air using an electron-beam with a total absorbed dose of 70 kGy. The resulting “activated” powder 
was then submerged in a solution containing VBC, 2-propanol (reagent grade, Sigma-Aldrich), 
and Surfadone LP-100 (ISPcorp) with a volume ratio of 1.00:3.95:0.05. The mixture was purged 
with N2 for 2 h, and then sealed and heated for 72 h at 60°C. The powder was recovered by filtration, 
washed with toluene (reagent grade, Fisher Scientific), and dried at 50°C under vacuum, resulting 
in ETFE-g-poly(VBC) grafted powders. 
The powder was quaternized by submersion in an aqueous TMA solution (TMA, 50%wt. in 
water, Acros Organics) for 5 h at ambient temperature. The resulting powder was washed 5 times 
with DI water, and then heated in DI water for 18 h at 50°C. After a further water wash step (5 × 
DI water) the powder was dried for 5 d at 40°C under vacuum. The final resulting anion-conducting 
AEI powder (in the most chemically stable Cl- form), that was used in all of the electrodes in this 
manuscript, possessed an IEC of 1.24 ± 0.06 mmol g-1 (n = 3). 
Materials and gas diffusion electrode (GDE) preparation 
First, the AEI powder was ground with a mortar and pestle for 10 min to reduce the amount of 
aggregated particles. Next, 100 – 150 mg of one of two carbon supported catalysts was added to 
the AEI in various ratios (approx. 20%wt., detailed in Table 1 and Table S1) along with 1 mL DI 
water: 40% Pt on Vulcan carbon (Alfa Aesar HiSPEC 4000, Pt nominally 40%wt., supported on 
Vulcan XC-72R carbon), or 40%wt. Pt + 20%wt. Ru on vulcan carbon (Alfa Aesar HiSPEC 10000, 
Pt nominally 40%wt., and Ru, nominally 20%wt., supported on Vulcan XC-72R carbon). For some 
anode electrodes various amounts (loadings detailed in Table 1 and Table S2) of catalyst free 
vulcan carbon (XC-72R, Cabot) was added to the mixture in order to increase the macro porosity 
and water capacity of the catalyst layers. This carbon addition was performed with catalyst free 
carbon to maintain the accurate electrode comparisons with identical catalysts. The catalyst-AEI 
mixture was then ground with a mortar and pestle for 10 min, a length of time that was selected 
because it invariably produced a visually and texturally homogenous slurry, suggesting that no 
AEI agglomerates remained. Then, 2 mL of 2-propanol (Fisher Chemical Optima) was added to 
the mortar and ground for a further 5 min, after which the catalyst slurry was completely 
transferred to a LDPE vial, and combined with an additional 7 mL of 2-propanol to produce a low 
viscosity ink. Each ink was homogenized in an ice-chilled ultrasonic bath (Fisher Scientific 
FS30H) for 60 min, maintained between 5 °C and 10 °C. 
The resulting catalyst inks were used to fabricate gas diffusion electrodes (GDEs) by hand 
spraying onto a larger area gas diffusion layer (GDL, Toray TGP-H-060 with 5% PTFE 
wetproofing (0% PTFE wetproofing was used in previous work given in Fig. S2 and Table S1)) 
with an Iwata Eclipse HP-CS using 15 psig N2 (Airgas Ultra High Purity). 5 cm2 GDEs were then 
cut from the larger sprayed electrode for use in the cell hardware. Generally, the target total 
platinum group metal loading of the resulting GDEs was 0.6 ± 0.1 mg cm-2, and the actual catalyst 
loading for each data set is given in the tables and/or Fig. captions. 
MEA assembly and Anion Exchange Membrane Fuel Cell (AEMFC) testing 
Prior to MEA and fuel cell assembly, the GDEs and AEMs were separately immersed in 
aqueous KOH (1 M, Fisher Chemical, pellets/certified ACS) for 60 min, replacing the solution 
every 20 min to ensure complete ion-exchange. During this hydration and ion-exchange process, 
no substantial electrocatalyst or AEI particles were observed to wash off the GDE surface, showing 
adequate adhesion of the catalyst layers onto the GDLs. Excess aqueous KOH and water were 
removed from the electrodes and membrane with a laboratory cloth prior to assembly. Each set of 
GDEs and AEM were pressed together in-cell to form the membrane electrode assembly (MEA) 
with no prior hot pressing. The MEAs were secured in 5 cm2 Fuel Cell Technologies hardware 
between two single pass serpentine flow graphite plates using 6 mil (150 µm) PTFE gaskets with 
20% pinch (5.1 N∙m torque). An 850E Scribner Fuel Cell Test Station was used for all testing. H2 
and O2 gas feeds were supplied to the anode and cathode, respectively, at various flow rates and 
dew points without back–pressurization (ca. 1 atm absolute). Throughout this manuscript, the dew 
points of the supplied gases will be identified in an Anode/Cathode format with the dew points 
reported in °C, e.g. 57/55 would correspond to an anode dew point of 57°C and a cathode dew 
point of 55°C. The cell temperature was held constant at 60°C ± 0.5°C for all experiments. The 
temperature of the heated gas follow lines between the fuel cell test stand and the cell were 
maintained at 5°C above the respective gas dew points.  
All of the polarization curves shown were collected under potentiometric control at a scan rate 
of 10 mV∙s-1.  Linear sweeps – in lieu of point-by-point collection was used in order to better tease 
out flooding issues under water starved and flooded conditions. When the water management 
issues were well controlled, there is no significant difference between point by point and linear 
sweep polarization curves, which is shown in previous work for multiple high performing cells.5 
Additionally, tests were repeated after multiple hours and varying the testing conditions to ensure 
stability, recoverability, and repeatability. 
 
 
Recent AEMFC Progression 
Interest AEMFCs has erupted in recent years, which can be seen both from the both in 
publications (Fig. S1) and citations.  
 
Fig. S1. Report of the number of publications (A) and citations (B) for the “Anion Exchange Membrane Fuel Cell” 
from 2006-2016 showing the explosive growth in interest in AEMFCs since the turn of the century, and, more 
specifically, since 2006.6 
There has also been a significant increase in cell performance (Table S1 and Fig. S2) in recent 
years.  Several key factors have led to step changes in achievable power density and current density. 
One of the most significant and surprising findings has been that not only is it not necessary to run 
the feed gas streams at full humidity, but it is extremely detrimental to performance – especially 
at higher currents. This finding runs counter to what was widely believed, as both the cathode and 
the membrane need significantly more water than in proton exchange membrane fuel cells 
(PEMFCs). The power and current density gains resulting from operating at optimized dew points 
(OD) vs full humidity (FH) can be observed in Fig. S2 A & B. In the Pt (without wetproofing) 
anode both the maximum power density and current density are tripled (185 mW cm-2 to 670 mW 
cm-2 and 700 mA cm-2 to 2100 mA cm-2). When the anode catalyst is replaced with PtRu, 
optimizing the dew points increases the maximum power density by 40% (1000 mW cm-2 to 1400 
mW cm-2) and the achievable current density by 25% (3050 mA cm-2 to 3800 mA cm-2). The 
addition of 5% PTFE wetproofing to the gas diffusion layer improves the water management in 
the electrodes, increasing the power density by 60% (670 mW cm-2 to 1060 mW cm-2) and 
increasing the current density by 70% (2100 mA cm-2 to 3600 mA cm-2). Another large step change 
in AEMFCs was the addition of ruthenium to the anode catalyst7 (Fig. S2 A &B), with the 
improvements in the kinetic overpotential resulting in a peak power density of 33% (1060 mW 
cm-2 to 1400 mW cm-2). All of the cells described here and performance shown in Fig. S2 were 
tested in our lab with the ETFE-BTMA membrane and ionomer, and assembled as described in 
the preceding experimental section. These three significant findings were crucial to the prior state-
of-the-art performance reported by our research team.5  
 
 
Fig. S2. A) i-V and B) i-Power curves (10 mV⋅s-1 forward scans) showing the progression of recent discoveries to 
reach the current literature state-of-the-art.5 In all cases, a radiation grafted ETFE membrane with a BTMA headgroup 
was used. The cell temperature was 60°C with a flow rate of 1.0 L⋅min-1 for H2 and O2 at the anode and cathode, 
respectively. The gas feed dew points were either 60°C (FH, dotted lines), or optimized (OD, solid lines). Further cell 
and electrode details in Table S1. 
 
Table S1 Electrode composition of progression.5 
Anode/Electrode Type: Pt (no PTFE) Pt (w/ PTFE) PtRu (SC) PtRu (IC) 
GDL Wetproofing No 
wetproofing 5% PTFE 5% PTFE 5% PTFE 
Anode Catalyst Pt Pt PtRu PtRu 
Anode (Pt or PtRu) Loading, mg cm-2 1.25 0.84 0.67 0.67 
Cathode Pt Loading, mg cm-2 1.25 0.84 0.53 0.53 
Optimized Dew Points Anode/Cathode, °C 57/55 53/51 54/57 54/57 
Carbon weight % 48 % 48 % 32.0 % 41.4 % 
AEI weight % 20.0 % 20.0 % 20.0 % 17.2 % 
AEI:C ratio 0.417 0.417 0.625 0.417 
AEI:C:Pt ratio 0.625 : 1.5 : 1 0.625 : 1.5 : 1 0.625 : 1.0 : 1 0.625 : 1.5 : 1 
 
     
Table S2 Published AEMFCs with 1.0 W cm-2 or greater peak power density. 
AEM Chemistry Peak Power Density W cm-2 
Cell Temp 
°C 
A/C Dew 
Points °C 
Back Pressure  
kPag 
A/C Pt Loading 
mg cm-2 
ETFE-BTMA (this work) 1.9 60 45/46 0 0.5/0.5 
LDPE-BTMA8 1.5 80 80/80 0 0.4/0.4 
PF AEM Gen 23 1.4 60 50/53 15 0.5/0.5 
aQAPS7 1.0 60 60/60 100 0.3/0.4 
 
 
Neutron Imaging Cell and Operation 
To investigate the water imbalance in the AEMFC and identify flooding and mass transport 
limitations, the cell was rebuilt in with a IC anode in special operando cell and analyzed using 
neutron imaging, a quantitative, non-destructive measurement of localized liquid water. The 
hardware has been previous described in detail9 and is summarized herein. Gold plated 
combination current collector and flow fields with a single serpentine flow pattern and active area 
of 1.2 cm2 were assembled with a Pt cathode and a PtRu(IC) anode. Both the ETFE-BTMA and 
PFAEM membranes were utilized with identical electrodes and assembled with 6-mil gaskets to 
achieve a 20% pinch. The cells were then humidified and broken in under the same protocol used 
for the 5 cm2 cells. It should be noted that the NIST cells are primarily optimized for the imaging 
techniques, and due to their smaller size, assembly requirements, and flow field pattern (designed 
for optimal imaging of the electrodes and membrane), they do not achieve the same maximum 
performance as the Fuel Cell Technologies 5cm2 hardware. 
The cell was first optimized in the neutron beam facility, first humidified, broken in, and then 
the dew points were optimized at a constant current density of 1.5 A cm-2. The current was held 
constant during all images in order to control the water production and consumption rate at the 
anode and cathode. After optimization the images were taken in 1-hour cycles. The first 20 minutes 
were to allow equilibration for any changed conditions, after which 20 images were taken, each 
image collected over two minutes. The high-resolution neutron images were collected on the BT-
2 beam line at the NIST Center for Neutron Research (NCNR), and captured with a high-resolution 
CCD box with an MCP detector and special resolution of about 6.5 microns. For each data point 
the 20 images were averaged, combined, deconvoluted, and analyzed using NCNR software & 
protocols (for the crashed condition in the ETFE-BTMA cell the 20 images were split into two 
groups and analyzed separately, giving the before and after crash images/data). The conditions that 
were varied during these experiments were the feed stream dew points, which were raised and 
lowered from the optimal conditions, and the current density, which directly affect the water 
production and consumption rate at the anode and cathode respectively. The effect of these factors 
on water in the catalyst layers, GDLs, and membrane were examined through this operando 
visualization technique, which provides simultaneous information on the membrane hydration, 
water movement through the membrane, flooding behavior over the entire cell, and how these 
factors are coupled with the current and voltage.  
The voltage response over portions of these tests are given in Fig. S3 for the ETFE-BTMA test, 
and Fig. S4 for the PFAEM test. With the ETFE-BTMA membrane, it can be observed that as the 
dew points are increased, the operating voltage is driven down, until it reaches a point where the 
flooding overtakes the electrodes, and the current plummets to zero. The visualization and 
quantification of this event is shown in Fig. 2. With the PFAEM, the current drops under similarly 
observed flooding events as the ETFE-BTMA, however the current does not fall to 0. More 
interestingly, when the dew points are relaxed, the current is able to return to the set value of 1.5 
mA cm-2, but the cell is just barely stable since the cell voltage remains ca. 0 V. When the set 
current is lowered to 1.0 mA cm-2 (and to 0.5 mA cm-2), the flooding is immediately relieved, and 
the voltage recovers (Fig. S4). It is also observable in the in-plane neutron radiographic image in 
Fig. 2C, where the last panel shows the flooding of the electrodes has been completely alleviated. 
These observations show that the flooding behavior of the cells is reversible and the preferred 
method of relaxation is a brief decrease in cell current. This suggest that while the feed gas dew 
points have a large effect on electrode flooding, focus should be directed at the catalyst layer and 
GDL to tune the water management within the electrode and membrane to optimize cell 
performance and further AEMFC capabilities. 
 
Fig. S3. Voltage and current density over time with the ETFE-BTMA cell for varying feed gas dew points of the NIST 
1.2 cm-2 radiography cell, demonstrating the effect of flooding, including the decreasing voltage and significant 
flooding event resulting in the cell crash at approximately 30 minutes after the Optimum +2 °C condition is started. 
 
Fig. S4. Voltage and current density over time with the PFAEM cell for varying feed gas dew points current densities 
of the NIST 1.2 cm-2 radiography cell, demonstrating the effect of flooding and recovery through lowered set current 
density. 
ECSA Measurements by CO-Stripping 
Determining the electrochemically active surface area (ECSA) of platinum-based fuel cell 
electrode layers via cyclic voltammetry (CV) is an important diagnostic test for PEMFCs to 
determine electrode layer catalytic activity. However, the well-defined platinum features that allow 
easy quantification for PEMFC do not always show up in a corresponding test for alkaline 
exchange membrane fuel cells (AEMFC). Instead, carbon monoxide (CO) is first 
electrochemically adsorbed to the catalyst active sites, and then stripped away via CV. The 
resulting current allows facile quantification of the ECSA for AEMFC that is otherwise not 
available.  
The ECSA was determined by passing pure CO gas at 0.2 L min-1 over the anode electrode, 
where the cell was held at a potential of 0.2 V vs hydrogen at the cathode electrode for 10 minutes 
to ensure complete adsorption of CO at all active sites. Following the CO adsorption, nitrogen was 
purged for 30 minutes to remove excess CO, then a CV was run between 0.07 and 1.2V for three 
cycles, where CO was stripped from all electrochemically active platinum sites during the first 
cycle. The areal difference between the first and second cycle (in Watts) is then used to calculate 
the ECSA of the tested electrode (Fig. 3E).  
 
Polarization Curve Deconvolution 
The reduction in operating cell voltage in a fuel cell is cause by the sum of three overpotentials 
based on the kinetic, ohmic, and mass transfer limitations of the operating cell, and can be 
represented by: 
𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑟𝑟𝑐𝑐𝑟𝑟 − 𝜂𝜂Ω − 𝜂𝜂kinetic − 𝜂𝜂MT [1] 
The first step to breaking out the overpotentials of the polarization curves is to isolate the ohmic 
overpotential or iR free cell voltage using the current and ohmic resistances at each point as shown: 
𝐸𝐸𝑖𝑖𝑖𝑖−𝑓𝑓𝑟𝑟𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑖𝑖𝑅𝑅Ω [2] 
where iRΩ is also the ohmic overpotential. The iR values are calculated at each point along the 
polarization curve using the high frequency intercept and current interrupt technique on the built-
in frequency response analyzer in the test stands. It is expected that the ohmic loss plotted vs 
current density in a PEMFC is typically a straight line, however, this is not the case in the AEMFC, 
as increased membrane hydration can decrease the hydroxide transfer resistance within the 
membrane, causing a slight decrease in the slope of the overpotential as the current increases (Fig. 
3B). The resulting calculated iR-free voltage only has the kinetic and mass transfer overpotentials, 
the sum of which can be calculated by subtraction of the iR-free voltage from the reversible cell 
potential, which is calculated from the thermodynamic components of the reactions. At cell 
voltages of greater than 0.85 V and operating currents of less than 100 mA cm-2 it can be assumed 
that mass transfer limitations are not a factor,10 and utilizing this assumption Tafel analysis is 
performed on the “kinetic region” calculated overpotential: 
𝜂𝜂kinetic ∝ 𝑚𝑚 log 𝑖𝑖 + 𝑏𝑏 [3] 
where the previous assumptions are validated by the fit, as mass transfer limitation would cause a 
change in the slope of the Tafel analysis. The resulting fit is then used to extrapolate the kinetic 
overpotentials through the entire curve. The final component of the deconvolution, the mass 
transfer overpotential, is then calculated by subtracting the kinetic and ohmic overpotentials from 
the reversible cell potential. 
Addition of Excess Carbon to Anode 
Too much carbon can certainly be added to the electrode layer, where the kinetic loses and 
inaccessibility of the catalyst overtake the mass transport gains from the added carbon. This was 
observed when even more carbon was added to the anode (denoted EC for excess carbon), with a 
AEI:C:Pt ratio of 1.25:3.5:1. This anode, with a resulting power density of only 1.1 W cm-2, 
demonstrates that not surprisingly you can add too much carbon and dilute the catalyst to detriment. 
It should also be noted that the lower open circuit potential of 0.9 V also suggest kinetic limitations 
as the primary limiting factor in the higher carbon. In this cell the total ionomer percentage was 
limited to 20 wt%, despite the effect this has on the AEI:C ratio, in order to prevent an even larger 
change to the C:Pt ratio, and completely drown out the platinum in the catalyst layer. A comparison 
of all full loading anodes is given in Table S2 and the polarization of the EC anode is given in Fig. 
S5. 
 
 
Table S3 Catalyst, carbon, and ionomer loadings and ratios of all full loading PtRu anode electrodes. 
Anode Type: SC IC BC EC 
PtRu Loading, mg cm-2 0.67 0.71 0.71 0.75 
Carbon Loading, mg cm-2 0.45 0.71 1.07 1.76 
Carbon weight % 32.0 % 41.4 % *48.0 % 56.0 % 
AEI weight % 20.0 % 17.2 % *20.0 % *20.0 % 
AEI:C ratio 0.625 *0.417 *0.417 0.357 
AEI:C:Pt ratio 0.625 : 1.0 : 1 0.625 : 1.5 : 1 0.94 : 2.5 : 1 1.25 : 3.5 : 1 
* optimized value 
 
Fig. S5. i-V and i-Power curves (10 mV⋅s-1 forward scans) for the EC anode. A radiation grafted ETFE membrane 
with a BTMA headgroup was used with a cell temperature of 60° and a flow rate of 1.0 L⋅min-1 for H2 and O2 at the 
anode and cathode, respectively. The gas feed dew points were optimized at 52 °C /52 °C for the anode/cathode. 
Further cell and electrode details given in Table S2. 
Stability Test 
A cell with an IC anode with a PtRu loading of 0.75 mg cm-2 and cathode with a platinum 
loading of 0.53 mg cm-2 was broken in and tested with polarization curves, voltage holds and 
current holds for 8 hours, at which point dew points were optimized at 52 °C/52 °C (anode/cathode) 
and stable performance was achieved. A constant current of 600 mA cm-2 was drawn from the cell 
for 200 hours, after which the current was changed to 550 mA cm-2 for 10 hours and back to 600 
mA cm-2 for 10 hours to assess stability and recoverability under changing current conditions. 
After the current change the load, temperature, fuel, and oxidant gases were removed to simulate 
a hard shut down and cold start. Nitrogen replaced the H2 and O2 and the cell was allowed to 
naturally cool for 8 hours. Following the shut down the cell was brought up to the previous 
optimized temperature, H2 and O2 were applied, and the stability test was immediately resumed. It 
can be observed that after the brief relaxation in current the cell resumed the previous state of 
operation at 0.6 V0. However, after the cold shutdown the cell returned to operation near 0.95 V0 
and followed the same gradual decline to stable operation near 0.6 V0. V0 in this cell is 0.625 V. 
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